The first direct syntheses, structural characterizations, and reactivity studies of iron-phenyl species formed upon reaction of Fe(acac) 3 
Introduction
Iron-catalyzed organic transformations continue to attract signicant interest due to the low cost, improved sustainability and potential for novel reactivity of iron compared to more traditional precious metal catalytic systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Catalytic reactions involving simple ferric salts and phenyl nucleophiles (most extensively phenylmagnesium bromide, PhMgBr) are of particular interest as this combination has shown to be effective in catalysis in both iron-catalyzed cross-coupling and ironcatalyzed C-H functionalization systems. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Unfortunately, the nature of the in situ formed and reactive iron species generated from simple ferric salts and PhMgBr in catalysis remains ambiguous. Such structural insight is essential for dening the role of various iron-phenyl species for both productive and off-cycle reactivity, and for the development of more efficient catalytic methodologies using these reagents.
Motivated by the critical need to dene the iron-phenyl species involved in catalysis, several recent studies have employed NMR and electron paramagnetic resonance (EPR) spectroscopies, as well as density functional theory (DFT) calculations to investigate iron speciation in reactions of simple ferric salts and PhMgBr. [18] [19] [20] [21] [22] [23] [24] [25] Such studies have hypothesized the formation of mononuclear Fe I and Fe 0 species in situ.
18-25
Alternatively, extended X-ray absorption ne structure (EXAFS) studies have led to the proposed formation of Fe II dimers in situ in these reactions, whereas mass spectrometry studies have suggested that iron-phenyl-ate species of even higher nuclearity can form. 26, 27 While these studies represent important contributions towards the identication of some of the in situ formed iron-phenyl species, the resulting lack of consensus on the nature of these species (e.g. oxidation state, nuclearity) reects the limited availability of isolated and structurally dened ironphenyl species. To date, the only structurally dened species reported have been a mononuclear iron(II)-phenyl-ate species formed from the reaction between simple iron salts and PhLi, as well as a reduced iron(I)-phenyl species formed using the same nucleophile (Scheme 1).
18, 24 The latter was found to be unreactive towards electrophile, likely representing an unproductive iron-phenyl species for cross-coupling. 24 Notably, no structurally dened iron-phenyl species generated from the reaction of simple ferric salts with PhMgBr in THF, the reagents and solvents employed in both cross-coupling and C-H functionalization reactions, have been reported. This lack of structural insight greatly contrasts analogous reactions with the more sterically encumbered mesitylmagnesium bromide (MesMgBr), where both FeMes 3 À and Fe 2 Mes 4 have been isolated.
28
In this study, we report the isolation and characterization of the rst multinuclear iron-phenyl species formed from the reaction of Fe(acac) 3 and ArMgBr in THF. Insight into the reaction pathway of formation of both di-and tetranuclear ironcomplexes is presented, as well as the generality of the tetranuclear structure across several aryl Grignard reagents. Stoichiometric reaction studies are utilized to evaluate the potential roles of the multinuclear iron-phenyl complexes in catalysis. These combined synthetic and reaction studies have led to the identication of a highly reactive iron-phenyl species for the selective formation of cross-coupled product, resulting in a new ligand-and additive-free reaction protocol for cross-coupling with Fe(acac) 3 and PhMgBr.
Results and discussion
Isolation and characterization of [FePh 2 (m-Ph)] 2 2À from low temperature reactions of Fe(acac) 3 and PhMgBr
Previous iron-catalyzed cross-coupling studies have indicated that a minimum of 4 equiv. of Grignard reagent is required to achieve effective catalysis using simple ferric salts and PhMgBr. 29, 30 Therefore, synthetic studies focused on the isolation of iron-phenyl species formed using this ratio of iron to Grignard reagent in THF. While viable single crystals could not be isolated directly from reactions at À80 C, a modied synthetic procedure involving layering and warming of 4 equiv. of PhMgBr on top of Fe(acac) 3 (see Experimental section for further details) produced orange crystalline material suitable for single crystal X-ray diffraction (SC-XRD). The orange crystals were found to have extreme air-, moisture-, and temperaturesensitivities; crystalline material could only be handled at or below À80 C under a nitrogen atmosphere to prevent decom- 
Isolation and characterization of tetranuclear iron-aryl species
Due to the thermal instability of 1a, it was critical to determine the nature of the iron species formed at elevated temperatures as a more reduced iron-phenyl species might be obtainable. Reaction of Fe(acac) 3 with 4 equiv. of PhMgBr in THF at À30 C, in the absence of NMP, yielded a brown solution from which brown crystalline material could be obtained. The overall connectivity, geometry, and chemical formulation could be unambiguously assigned by SC-XRD as the tetranuclear iron cluster Fe 4 (m-Ph) 6 (THF) 4 $2THF (2a) (Fig. 3 ). This cluster is more reduced than 1a or 1b, formally containing two iron(I) and two iron(II) ions. Unfortunately, these crystals diffracted very weakly and, hence, a more detailed discussion of the structural parameters of 2a is not possible. It was hypothesized that changing the aryl group of the Grignard reagent might enable access to higher quality crystalline material for SC-XRD analysis. An analogous reaction utilizing p-tolylMgBr yielded high quality crystals identied by SC-XRD as Fe 4 (m-p-tolyl) 6 (THF) 4 $2THF$C 5 H 12 (2b) upon crystallization at À80 C. Of note, an analogous crystallization at À30 C yielded the formation of a slightly perturbed tetranuclear cluster, Fe 4 (m-p-tolyl) 6 45 The bridging Fe-Ph bonds range from 2.139(3)Å to 2.266(3)Å for 2b and from 2.078(5)Å to 2.412(5)Å for 2c. Lastly, an analogous tetranuclear iron complex could also be synthesized using 4-uorophenylmagnesium bromide (4-F-PhMgBr), identied by SC-XRD as Fe 4 (m-4-F-Ph) 6 (THF) 4 (2d). As with 2a, the isolated crystalline material was weakly diffracting, and hence, the SC-XRD data was solely used for the unambiguous assignment of connectivity. Overall, the ability to access analogous tetranuclear iron-aryl clusters across both electron withdrawing and electron donating substituents on the aryl ligands demonstrates the generality of this structural motif in reactions of simple ferric salts and aryl Grignard reagents.
Complex 2a was the most synthetically robust tetranuclear complex for larger scale isolation and was utilized for further characterization and reactivity (vide infra) studies. The 57 Fe 
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The tetranuclear complex is not EPR active, but exhibits an intense C-term MCD spectra in both the near-infrared and UVvis regions (see ESI †) consistent with the presence of an integer spin paramagnetic complex. Unfortunately, variabletemperature, variable-eld (VTVH) MCD studies on the ground state of 2a did not enable the assignment of the spin state of this complex, likely due to complications from decay to additional paramagnetic iron species which complicates both these measurements and attempted Evans studies.
Investigation of the iron species involved in the synthetic pathway for formation of di-and tetranuclear iron-aryl species with bromocyclohexane
Beyond the unprecedented insight into iron speciation and structure for reactions of simple iron salts and aryl Grignard reagents described above, evaluation of the potential reactivity of these di-and tetranuclear complexes with electrophile is critical to understanding the potential roles of isolated species in cross-coupling catalysis. Due to the extreme thermal instability of 1a, only complex 1b could be utilized to evaluate the reactivity of the [FePh 2 (m-Ph)] 2 2À dimer (see ESI †). Employing time-resolved, freeze-quenched 57 Fe Mössbauer spectroscopy, the decomposition of 57 Fe-enriched 1b in solution was monitored at temperatures ranging from À20 C to 0 C in order to dene its stability as a function of temperature and time. Aer re-dissolution of 1b in THF at À20 C, only 70% of 1b was found to remain in solution aer 45 s. As expected, repeating this experiment at 0 C shows more rapid decay of the dimer with only $50% of 1b remaining in solution aer 45 s. Therefore, reaction studies with electrophile were performed at À20 C, focusing on a 45 s reaction window in order to minimize contributions from the decomposition of 1b. Bromocyclohexane was selected as an example electrophile for the reaction studies due to its common use in ferric salt catalyzed crosscoupling reactions with PhMgBr. 47, 48 GC-MS reaction studies showed no consumption of electrophile or generation of phenylcyclohexane within 45 s of reaction at À20 C. Thus, the [FePh 2 (m-Ph)] 2 2À dimer exhibits no reactivity towards electrophile prior to its thermal decomposition in THF. Furthermore, the observation that NMP stabilizes the formation of this unreactive dimer is consistent with previous studies by Nakamura and co-workers, where NMP was shown to be an unfavorable co-solvent for iron-catalyzed cross-coupling reactions involving simple ferric salts and aryl Grignard reagents. 47 In contrast to the lack of reactivity of 1b, formation of crosscoupled product was observed to be generated, albeit in low yield (24%), from the reaction of Fe 2 Mes 4 and electrophile.
28
In order to evaluate the potential reactivity of the more reduced tetranuclear iron complex 2a with bromocyclohexane, it was again critical to rst establish the thermal stability of 2a in solution at catalytically relevant temperatures. Fortunately, 2a was found to be stable at RT for up to 5 min in THF, enabling stoichiometric reactions to be performed within this time frame. Reactions of 2a with 15 equiv. bromocyclohexane at RT resulted in the rapid and selective formation of phenylcyclohexane (0.95 equiv. with respect to 2a within 5 s). Thus, 2a is a highly reactive species for the selective formation of crosscoupled product (k obs $ 12 min À1 for the initial turnover).
Prolonged reaction times led to the generation of additional cross-coupled product, indicating that the iron products of each cross-coupling are capable of further reaction with electrophile ($4 equiv. phenylcycohexane aer 1 min of reaction (see ESI †); note that the reaction rate decreases for subsequent turnovers). It is noteworthy that 2a can directly react with electrophile to form cross-coupled product, whereas [Fe 8 Me 12 ] À requires the addition of MeMgBr following initial reaction with electrophile to form product, 45 indicating the presence of different underlying reaction mechanisms for iron-phenyl and iron-methyl clusters.
Cross-coupling catalysis using Fe 4 (m-Ph) 6 (THF) 4 Simple ferric salts were previously found by Nakamura and coworkers to perform poorly for catalytic cross-couplings of PhMgBr with secondary alkyl halides in the absence of TMEDA. 47 Interestingly, Bedford and co-workers observed similar reactivity in the presence and absence of TMEDA when MesMgBr was employed, though this system was low yielding ($35%). 28 Hence, we were motivated by the observed reactivity of 2a to explore its potential effectiveness for catalytic cross- coupling in the absence of TMEDA. The utilization of the same reaction protocol as described for stoichiometric reactions of 2a but with the addition of PhMgBr (1 : 1 with respect to electrophile) resulted in the formation of >95% cross-coupled product (Scheme 2a). Because 2a is challenging to synthesize and handle, a modied catalytic method targeting the formation of 2a in situ at À30 C (a temperature where 2a is stable for days)
was also evaluated as a potentially more convenient protocol that utilizes the selective reactivity of 2a without the need to isolate it (Scheme 2b). With this method, >95% of cross-coupled product could be obtained. Interestingly, removal of magnesium salts by ltration at À30 C following in situ formation of 2a was found to be critical to achieve high yields of product, likely indicating an important role of cations on iron speciation during the initial synthesis of 2a or during catalysis. While a proof of concept, this initial evaluation of in situ generated 2a for catalysis will hopefully inspire future studies in the area of ligandless iron cross-coupling catalysis.
While the current study has demonstrated the importance of dinuclear and tetranuclear iron-phenyl species in reactions of simple ferric salts and aryl Grignard reagents, additional ironphenyl species beyond those isolated herein might also be accessible in such reactions. For example, previous EPR studies by Bedford indicated the in situ formation of a S ¼ 1/2 species in reactions of FeCl 3 and p-tolylMgBr at À30 C though, unfortunately, this species was never spin quantied. 21, 28 We have observed the formation of the same S ¼ 1/2 species in reaction of FeCl 2 and 4 equiv. PhMgBr at À30 C, though spin quantitated EPR indicated that it is a very minor species in solution (<5% of all iron) (see ESI †). 21, 28 Additionally, Bedford and coworkers also suggested that a monomeric iron(II) species, [Fe(p-tolyl) 3 ]
À can also form based on 1 H NMR studies of reactions of FeCl 2 with p-tolylMgBr, 28 where the resonances assigned to this mononuclear species are signicantly downeld shied compared to those observed for 2b (see ESI †). Again, however, the amount of the mononuclear species in solution was not quantied and it remains unclear whether it is formed signicantly in solution compared to other iron-p-tolyl species. Future studies should continue to dene the diverse iron-aryl species accessible in such reactions as a function of concentration, solvent, aryl nucleophile (e.g. ArMgBr, ArLi, Ar 2 Zn, etc.), temperature, and reaction time.
Lastly, it is interesting to consider the origin of the reactivity differences observed for [FePh 2 (m-Ph)] 2 2À and Fe 4 (m-Ph) 6 (THF) 4 .
Since previous studies have proposed an Fe(I) active species for cross-coupling with PhMgBr and simple ferric salts (such as [PhFe I (acac)(THF)] À ), 18-25 the presence of two formally iron(I) sites in the mixed valent tetranuclear iron complex 2a might suggest iron reduced below iron(II) is important for reactivity in the isolated multimetallic complexes. Specically, the THF ligation differences between complexes 2b and 2c demonstrate the ability of the tetranuclear complexes to lose a THF ligand to generate an open coordination position for reaction with electrophile. This ability to readily form an open coordination site might be equally signicant in facilitating reactivity, whereas the dinuclear complexes would require a more signicant geometric distortion in order to react with electrophile.
Conclusions
In this study, the rst direct syntheses, structural characterizations, and reactivity studies of iron-phenyl species formed upon reaction of Fe(acac) 3 and PhMgBr in THF have been presented. At À80 C, this reaction leads to formation of [FePh 2 (mPh)] 2 2À , which was found to be unreactive towards electrophile.
Alternatively, at À30 C the formation of a more reduced, tetranuclear iron-phenyl cluster, Fe 4 (m-Ph) 6 (THF) 4 , is observed, where this species is found to rapidly react with bromocyclohexane to selectively form cross-coupled product. Further synthetic studies demonstrate that analogous tetranuclear iron clusters can be formed with both 4-F-PhMgBr and p-tolylMgBr, illustrating the generality of this structural motif for reactions of simple ferric salts and aryl Grignard reagents in THF. Lastly, Fe 4 (m-Ph) 6 (THF) 4 can be utilized for efficient catalytic crosscoupling of PhMgBr and bromocyclohexane, circumventing the current need for additives such as TMEDA or supporting ligands to achieve high yields of cross-coupled product in this reaction.
Experimental

General considerations
All reagents were purchased from commercial sources. All airand moisture-sensitive manipulations were carried out in an MBraun inert-atmosphere (N 2 ) glovebox equipped with a direct liquid nitrogen feed through inlet line. All anhydrous solvents were freshly dried using activated alumina/4Å molecular sieves and stored under an inert atmosphere. Gas chromatography mass spectrometry was performed using a Shimadzu GCMS QP 2010. Atomic absorption spectroscopy (AAS) analysis was performed using a Shimadzu AAS 7000. Details on low temperature crystal manipulations, sample preparations for spectroscopy and MCD and EPR spectroscopy are given in the ESI. †
Fe Mössbauer spectroscopy
Solution samples for 57 Fe Mössbauer spectroscopy were prepared from 57 Fe(acac) 3 to enable data collection from dilute, freeze-trapped solution samples; solid samples were made from non-enriched Fe(acac) 3 . All samples were prepared in an inert atmosphere glovebox equipped with a liquid nitrogen ll port to enable sample freezing to 77 K within the glovebox.
Mössbauer measurements were performed using a See Co. MS4 Mössbauer spectrometer integrated with a Janis SVT-400T He/ N 2 cryostat for measurements at 5 K, 80 K, and 150 K. Isomer shis were determined relative to an a-Fe at 298 K. All Mössbauer spectra were t using the program WMoss (SeeCo). Errors of the analyses are d AE 0.02 mm s À1 and DE Q AE 3%.
Magnetic circular dichroism spectroscopy
All samples were prepared in an inert atmosphere glovebox equipped with a liquid nitrogen lling port to enable sample freezing to 77 K. Low temperature near-infrared (NIR) MCD experiments were conducted using a JASCO J-730 spectropolarimeter and a shielded S-20 photomultiplier tube. Both instruments have a modied sample compartment, which incorporates focusing optics and an Oxford Instruments SM4000-7T superconducting magnetic/cryostat. This set-up allows for measurements from 1.6 K to 290 K, with magnetic elds up to 7 T. A calibrated Cernox sensor directly inserted in the copper sample holder is used to measure the temperature at the sample to 0.001 K. All MCD spectra were baseline-corrected against zero-eld scans.
Electron paramagnetic resonance spectroscopy
A cold spatula was used to transfer material to a vial containing a known amount of THF at À80 C. A cold pipette was then used to transfer the redissolved crystalline material to a precooled (in liquid nitrogen) 4 mm OD suprasil quartz EPR tube from Wilmad Labglass. The solution in the EPR tube was immediately frozen in liquid nitrogen. The remaining solution not used for the EPR sample was saved for AAS, so that spin integration of any EPR signal could be completed. All X-band EPR spectra were collected on a Bruker EMXplus spectrometer containing a 4119HS cavity and an Oxford ESR-900 helium ow cryostat. All EPR spectra were collected at 10 K, 9.38 GHz.
Solid Fe(acac) 3 (70.5 mg, 0.2 mmol) was added to a frozen solution of THF (2 mL) and PhMgBr in THF (1.0 M, 800 mL, 0.8 mmol) in a 20 mL scintillation vial. The frozen solution containing the solid Fe(acac) 3 was allowed to stir at À30 C for 5 minutes before quickly transferring the vial to À80 C. At À80 C, the solution was allowed to sit for 30 min at prior to ltering the solution through cold Celite. Following the ltra-tion, cold toluene (1 mL) was added to the solution at À80 C.
The red solution was allowed to sit at À80 C for an additional 15 minutes before ltering through cold Celite. The vial was then sealed with Apiezon N-grease and stored in a À80 C freezer. Red crystals of 1a formed within a few days. Note that 1a is extremely air and temperature sensitive, precluding further analyses. Analogous complications exist for the other di-and tetrameric iron species whose synthesis are described below. . The dark orange solution was allowed to stir at À30 C for 5 minutes at 620 rpm. The dark orange was then ltered through cold Celite. Cold pentane (2 mL) was then layered on top of the solution, and the sample was stored at À80 C until crystalline material was formed. 
Thermal stability of 1b and 2a in solution
Crystalline material was collected as described in the ESI. † Crystalline material was transferred to a vial containing a known amount of THF at À80 C for 1b and at À30 C for 2a using a cold spatula. Once the crystalline material was completely redissolved, the solution was transferred to a vial containing a known amount of THF and stir bar at a warmer temperature using a cold pipette. Aliquots of the decaying solution were taken at various points over 20 minutes. Aliquots were taken using a cold pipette, and were transferred into a Delrin Mössbauer sample cup. Samples were immediately frozen in liquid nitrogen. This process was repeated for various temperatures, including, À20 C and 0 C. AAS was used to determined to the concentration of the respective complexes in solution.
Reaction of 1b with bromocyclohexane
Dark red blocks of 1b were collected as described in the ESI. † Crystalline material was transferred to a vial containing a known amount of THF at À80 C using a cold spatula. Once the crystalline material was completely redissolved, the solution was transferred to a vial containing THF, bromocyclohexane, PhMgBr, and stir bar at a warmer temperature using a cold pipette. The crystalline material was allowed to react, and aliquots were taken at various points over 20 minutes. The aliquots were quenched in 1 : 1 (v/v) THF : MeOH solution. A known amount of dodecane was then added to the quenched samples, and the samples were diluted to 1 mM prior to ltering through silica. AAS was used to determine the concentration of 1b in solution.
Reaction of 2a with bromocyclohexane
Crystalline material was collected as described in the ESI. † Crystalline material was transferred to a vial containing a known amount of THF at À30 C using a cold spatula. Once the crystalline material was completely dissolved, the solution was transferred to a vial containing THF, bromocyclohexane (15 equiv. wrt 2a), and a stir bar at a warmer temperature using a cold pipette. The crystalline material was allowed to react, and aliquots were taken at various points over 20 minutes. The aliquots were quenched in MeOH (50 mL). A known amount of dodecane was then added to the quenched samples, and the samples were diluted to 1 mM prior to ltering through silica. AAS was used to determine the concentration of 2a in solution.
Catalytic reaction protocol using isolated 2a as catalyst
Crystalline material was collected as described in the ESI. † Crystalline material was transferred to a vial containing a known amount of THF at À30 C using a cold spatula. Once the crystallined was completely dissolved, the solution was quickly transferred to a vial containing THF, bromocyclohexane (13 equiv. wrt 2a), PhMgBr (1.0 M in THF, 13 equiv. wrt 2a), and a stir bar at RT. The crystalline material was allowed to react with electrophile and excess nucleophile, and aliquots were taken over the course of 20 minutes. The aliquots were quenching in MeOH (50 mL). A known amount of dodecane was then added to the quenched samples, and the samples were diluted to 1 mM prior to ltering though silica. AAS was used to determine the concentration of 2a in solution.
Catalytic reaction protocol targeting 2a formation in situ
Fe(acac) 3 (4 mg, 0.011 mmol) was dissolved in 2 mL THF and cooled to À30 C. PhMgBr in THF (1.0 M, 45 mL, 4 equiv.) was added dropwise at 0.33 mmol min À1 . The resulting brown solution was allowed to mix for 5 min at 620 rpm prior to ltering through cold Celite. The solution was allowed to sit at À30 C for an additional 20 min, and ltered through cold
Celite once more in order to remove any Mg salts. The solution was immediately transferred to a vial at RT containing THF, bromocyclohexane, PhMgBr, and a stir bar. Aliquots were taken at various time points over a course of 20 min, and quenched with MeOH (50 mL). A known amount of dodecane was then added to the quenched samples, and the samples were diluted to 1 mM prior to ltering through silica.
